Parasitism is a life history strategy found across all domains of life whereby nutrition is obtained from a host. It is often associated with reductive evolution of the genome, including loss of genes from the organellar genomes [1, 2] . In some unicellular parasites, the mitochondrial genome (mitogenome) has been lost entirely, with far-reaching consequences for the physiology of the organism [3, 4]. Recently, mitogenome sequences of several species of the hemiparasitic plant mistletoe (Viscum sp.) have been reported [5, 6], revealing a striking loss of genes not seen in any other multicellular eukaryotes. In particular, the nad genes encoding subunits of respiratory complex I are all absent and other protein-coding genes are also lost or highly diverged in sequence, raising the question what remains of the respiratory complexes and mitochondrial functions. Here we show that oxidative phosphorylation (OXPHOS) in European mistletoe, Viscum album, is highly diminished. Complex I activity and protein subunits of complex I could not be detected. The levels of complex IV and ATP synthase were at least 5-fold lower than in the non-parasitic model plant Arabidopsis thaliana, whereas alternative dehydrogenases and oxidases were higher in abundance. Carbon flux analysis indicates that cytosolic reactions including glycolysis are greater contributors to ATP synthesis than the mitochondrial tricarboxylic acid (TCA) cycle. Our results describe the extreme adjustments in mitochondrial functions of the first reported multicellular eukaryote without complex I. Mitochondrial genes can be transferred to the nucleus-for example, nad7 in Marchantia polymorpha [11]-but it is highly unlikely that this would have happened for all nine nad genes. The loss of complex I has occurred several times during evolution, but so far, this has only been found in unicellular eukaryotes. In several anaerobes, oxidative phosphorylation (OXPHOS) is lost completely, but in four lineages of respiring eukaryotes, complex I is lost, including the yeast Saccharomyces [12][13][14]. Here we provide evidence for the lack of complex I in V. album and uncover dramatic changes in mitochondrial functions of this multicellular plant species.
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In Brief
Maclean et al. show, using biochemical analysis and proteomics, that the hemiparasite Viscum album is the first reported multicellular eukaryote that lacks respiratory complex I. Combined with lower levels of respiratory complexes II-V, a decreased capacity for mitochondrial ATP production is compensated by increased glycolytic carbon flux.
SUMMARY
Parasitism is a life history strategy found across all domains of life whereby nutrition is obtained from a host. It is often associated with reductive evolution of the genome, including loss of genes from the organellar genomes [1, 2] . In some unicellular parasites, the mitochondrial genome (mitogenome) has been lost entirely, with far-reaching consequences for the physiology of the organism [3, 4] . Recently, mitogenome sequences of several species of the hemiparasitic plant mistletoe (Viscum sp.) have been reported [5, 6] , revealing a striking loss of genes not seen in any other multicellular eukaryotes. In particular, the nad genes encoding subunits of respiratory complex I are all absent and other protein-coding genes are also lost or highly diverged in sequence, raising the question what remains of the respiratory complexes and mitochondrial functions. Here we show that oxidative phosphorylation (OXPHOS) in European mistletoe, Viscum album, is highly diminished. Complex I activity and protein subunits of complex I could not be detected. The levels of complex IV and ATP synthase were at least 5-fold lower than in the non-parasitic model plant Arabidopsis thaliana, whereas alternative dehydrogenases and oxidases were higher in abundance. Carbon flux analysis indicates that cytosolic reactions including glycolysis are greater contributors to ATP synthesis than the mitochondrial tricarboxylic acid (TCA) cycle. Our results describe the extreme adjustments in mitochondrial functions of the first reported multicellular eukaryote without complex I.
RESULTS AND DISCUSSION
The size of plant mitogenomes varies enormously in size, from 101 kb in the moss Buxbaumia aphyll [7] to 11.3 Mb in Silene conica [8] , but gene content is less variable, typically comprising 20-41 protein-coding genes for subunits of complexes I-V, the mitochondrial ribosome, cytochrome c maturation, three rRNAs, and a variable number of tRNAs [9] . The Malaysian mistletoe, Viscum scurruloideum, has an unusually small mitogenome of 66 kb, making it the smallest land plant mitogenome sequenced to date [5] . Out of 24 core genes found in virtually all angiosperm mitogenomes, V. scurruloideum has lost all nine nad genes coding for subunits of complex I, as well as the maturase gene matR, the cytochrome c biosynthesis gene ccmB, and genes for some ribosomal proteins. The V. scurruloideum mitogenome has retained genes for complex II (sdh4), III (cob), IV (cox1, cox2, and cox3), and V (atp1, atp4, atp6, atp8, and atp9) , genes for five ribosomal proteins, the genes for two cytochrome c maturation factors (ccmC and ccmF), and the protein transporter mttB. Extensive mitochondrial gene loss has also been found in other species of mistletoe [6] . Although the mitogenome of European mistletoe, Viscum album, is substantially bigger (565 kb), a similar pattern of gene loss was observed, including the absence of all nine nad genes, but not matR [10] . Mitochondrial genes can be transferred to the nucleus-for example, nad7 in Marchantia polymorpha [11]-but it is highly unlikely that this would have happened for all nine nad genes.
The loss of complex I has occurred several times during evolution, but so far, this has only been found in unicellular eukaryotes. In several anaerobes, oxidative phosphorylation (OXPHOS) is lost completely, but in four lineages of respiring eukaryotes, complex I is lost, including the yeast Saccharomyces [12] [13] [14] . Here we provide evidence for the lack of complex I in V. album and uncover dramatic changes in mitochondrial functions of this multicellular plant species.
To investigate the ultrastructure of Viscum mitochondria, we studied leaf mesophyll cells by electron microscopy. Small oval organelles of 0.6-1.1 mm in length were seen, surrounded by a double membrane ( Figure 1A ). The presence of internal membrane structures reminiscent of cristae indicated that these are mitochondria. In contrast to mitochondria in other plants species, the number of cristae is very low. In addition, there was poor staining in the matrix, and no ribosomes were seen, suggesting a low rate of translation of mitochondrially encoded genes.
To purify mitochondria for proteomic and biochemical studies, we used protocols developed for Arabidopsis based on differential centrifugation steps and density gradient centrifugation [15, 16] . Two different V. album populations were sampled, one in the UK and one in Germany, which gave similar results for all our subsequent analyses. Details on locations and host trees for each experiment can be found in Table S1 . Terminal leaf buds were used as source material ( Figure 1B) , as initial purification attempts with leaves had failed because the extracts were very viscous and had high levels of chloroplast contamination. The mitochondria sedimented toward the bottom of the gradient, whereas thylakoids were retained at the top of the gradient ( Figure 1C ). The mitochondrial fraction was collected and washed, yielding 0.25-1 mg of mitochondria from 50 g of starting material. To verify the enrichment in mitochondrial protein, we performed western blot analysis with antibodies against mitochondrial marker proteins ( Figure 1D ).
To test for the presence of respiratory complexes in Viscum, we solubilized mitochondrial membranes with dodecylmaltoside and separated them by blue native PAGE (BN-PAGE). Gels were stained with Coomassie blue to visualize mitochondrial protein complexes and were compared to mitochondria isolated from an Arabidopsis thaliana cell culture (Figure 2A ). In the Arabidopsis sample, the abundant protein complexes I, V, and III (from top to bottom) are clearly resolved. The Viscum sample also contained numerous bands at high molecular weight, but these were less abundant and did not match the pattern in Arabidopsis.
To identify the respiratory complexes in Viscum, we performed in-gel enzyme activity stains on Arabidopsis and Viscum mitochondria, which were separated by BN-PAGE. NADH:NBT staining to visualize NADH dehydrogenase activities, including complex I, revealed an activity at approximately 146 kDa in both samples, which was previously attributed to lipoamide dehydrogenase (LPD2), a component of mitochondrial alpha-ketoacid dehydrogenase complexes [17] (Figure 2B ). Detection of this activity served as additional confirmation that both samples were similarly enriched in mitochondria. In the Arabidopsis sample, a clear activity band can be seen at 1 MDa, which represents respiratory complex I. This band is completely absent from Viscum mitochondria ( Figure 2B ). Additional in-gel enzyme activity stains confirmed the presence of complex II in Viscum at 142 kDa ( Figure 2C ). Complex III could also be detected, albeit less prominently than in Arabidopsis, through visualization of the peroxidase activity of heme cofactors ( Figure 2D ). Complex IV was detected using reduced cytochrome c and diaminobenzidine, but a much lower activity was found in Viscum compared to Arabidopsis ( Figure 2E ). Taken together, these data show the presence of complex II, decreased amounts of complexes III and IV, and they are consistent with the proposed absence of respiratory complex I from Viscum.
To gain further insights into biochemical functions of mitochondria in Viscum, we performed proteomic analyses of whole mitochondria by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Because the nuclear genome of V. album, estimated to be 201 Gb in size [18] , has not been sequenced to date, we used the Arabidopsis proteome as reference for protein identification. A simulation was carried out to show that sample complexity was similar between Arabidopsis and Viscum and that 30% to 40% of the Viscum mitochondrial proteins could be identified using Arabidopsis sequences (Data S1). We identified between 384 and 492 proteins per replicate (n = 3) and built a list of 292 proteins that were confidently identified in at least two replicates (Data S1). Of these 292 proteins, 282 have a predicted mitochondrial localization, and 193 have been experimentally confirmed in Arabidopsis (http:// suba.live/). Moreover, we found that the Arabidopsis and Viscum mitochondrial samples contained similar, but low (3%), levels of likely non-mitochondrial proteins (Data S1). We then determined which biological processes are significantly enriched in our purified mitochondria using the Gene Ontology (GO) enrichment tool (http://geneontology.org/). In Arabidopsis, there is, as expected, an enrichment of proteins of the electron transfer chain and the mitochondrial ATP synthase. By contrast, fewer components of the respiratory chain are detected in Viscum, leading to a nonsignificant enrichment ( Figure 3A ; Table S2 ). Because we used the Arabidopsis proteome as reference to identify mitochondrial Table S1 .
proteins in Viscum, this GO enrichment analysis suggests that the respiratory chain is either highly divergent between Arabidopsis and Viscum or depleted in Viscum. Other mitochondrial functions (e.g., mitochondria organization, tricarboxylic acid [TCA] cycle, vitamin biosynthesis) are similarly enriched in both samples, indicating that they are conserved and demonstrating that comparable numbers of proteins involved in these pathways are detectable in both species ( Figure 3A ; Table S2 ).
We also performed complexome profiling to identify and quantify proteins that are assembled in higher mass complexes. Mitochondria extracted from Arabidopsis and Viscum were solubilized, and protein complexes were separated by BN-PAGE. Each lane was divided into 18 gel slices of equal size that were then analyzed by mass spectrometry ( Figure S1A ). Using labelfree quantification, the abundance profiles of selected proteins were extracted. For the respiratory complexes II-V, a number of subunits were detected in Viscum, albeit at decreased levels compared to Arabidopsis ( Figure S1B ). The profiles of two proteins involved in housekeeping functions, HSP60 and ANT1, suggest that an equal amount of mitochondria was loaded in each lane ( Figure S1C ).
To obtain a more quantitative overview of differences in mitochondrial functions between Viscum and Arabidopsis, we extracted abundance data of individual peptides for 137 proteins from both proteomic approaches. The proteins were divided into functional groups, and the average abundance of the proteins in each group served as an indicator of the relative prominence of a functional pathway in Viscum relative to Arabidopsis. (Figure 3B ; Data S2). We found that proteins involved in primary metabolism (TCA cycle, respiratory chain, photorespiration, and amino acid metabolism) and in mitochondrial translation are less abundant in Viscum than in Arabidopsis. However, other mitochondrial functions (e.g., cofactor biosynthesis, transport, and genome maintenance) are not decreased in Viscum. For the respiratory chain, subunits of complexes II, III, IV, and V, but none of complex I, were detected. Moreover, the abundance of complexes II-V was decreased compared to Arabidopsis (to 14%-44% of the Arabidopsis levels). This result is in good agreement with the in-gel activity staining of respiratory complexes (Figure 2 ), although our complexome analysis suggests that complex V subunits are mostly found unassembled (Figure S1B ). In plants, additional NADH dehydrogenases and ubiquinol oxidases offer alternatives routes for electrons in the respiratory chain, bypassing complex I and complexes III/IV, respectively. These so-called alternative pathways were found to be more abundant in Viscum than in Arabidopsis ( Figure 3B ).
The altered OXPHOS system, in particular the dramatic decrease in the protein levels of ATP synthase, suggests that ATP production may not be the primary function of mitochondria in Viscum. Using 14 C-glucose isotopes, we estimated respiratory fluxes in leaf discs of Viscum and Arabidopsis. CO 2 can be released from the C1 position by the action of non-mitochondrial catabolic reactions (pentose phosphate pathway), whereas CO 2 evolution from the C3 and C4 positions represents mitochondrial reactions (pyruvate decarboxylase and malic enzyme). We did not observe a major difference in the rate of CO 2 released from 14 C3, 14 C4 glucose in the first 2 hr, but from then on, the rate in Arabidopsis leaves was greater than in Viscum ( Figure 4A ). In contrast, the CO 2 release from 14 C1 glucose was found to be higher in Viscum than in Arabidopsis leaf discs at all time points measured ( Figure 4B ). The ratio of CO 2 evolution from 14 C1 glucose to 14 C3, 14 C4 glucose provides a proxy for the relative activity of the TCA cycle with respect to other processes of carbohydrate oxidation. This ratio was constant in Arabidopsis, indicating a well-coupled respiratory pathway. In Viscum, this ratio was increased ( Figure 4C ), suggesting a redirection of carbon metabolic flux from the TCA cycle to glycolysis. Taken together, our results show a decrease in several mitochondrial functions in the parasitic plant V. album. Although our analysis was limited to two tissues, buds and leaves, harvested in the spring, the findings from different methods are consistent and the proteomics data are reproducible using material from two different populations, in the UK and in Germany (Table S1 ). Consistent with the absence of the nad genes from the mitogenome [6, 10], complex I could not be detected, either by in-gel activity staining or by proteomic approaches. (E) Complex IV activity was visualized with Cytc:DAB staining, using a preparation of V. album mitochondria that contained some chloroplast proteins. The color balance of the gels was adjusted to enhance the enzyme stains relative to the background. See also Table S1 .
Complex I pumps four protons across the inner mitochondrial membrane for every NADH molecule oxidized [19] , making it a major contributor to the proton gradient required for ATP synthesis. Arabidopsis mutants lacking complex I display increased glycolytic fluxes to produce ATP [16, 20] . Similarly, Viscum has rearranged its metabolism to generate ATP through glycolysis rather than mitochondrial respiration. The shift in ATP metabolism is reminiscent of the Warburg effect in cancer cells [21] and in Baker's yeast [22] , where energy is produced by a high rate of glycolysis accompanied by the redirection of pyruvate toward lactate production, away from the TCA cycle. However, such an energy strategy requires high levels of glycolytic substrates, which in the hemiparasitic Viscum can either be supplied by its own photosynthetic capacity or come from the host. The physiology of Viscum is not well characterized, owing to the complexity of the relationship between two rather slow-growing plant species. However, it is thought that the photosynthesis rate of Viscum is low [23] . Once the seedling is established, high transpiration rates [24] suggest a significant flux of carbon from the host of up to 80% of the total carbon [25] . This value would be compatible with the high demand for carbohydrates to sustain energy production from glycolysis.
The mitochondrial reductive evolution seen in Viscum is not as severe as that in the plastid genomes (plastomes) of holoparasitic plants, where, as plants become less dependent on their own photosynthetic capability, loss or pseudogenization of genes in the plastome leads to complete loss of photosynthesis [2, 26] . Perhaps the most striking example of this reductive evolution is the giant ''carrion flower'' from the Philippines, Rafflesia lagascae, which may have lost its entire plastome [27] 
Figure 3. Composition of Viscum album Mitochondria
Proteome analysis of Viscum mitochondria (see also Figure S1 and Data S1).
(A) Table presenting a subset of the GO enrichment analysis performed on the list of identified proteins; only significantly enriched (p < 0.05) processes are shown. The full dataset is available in Table S2 . The fold enrichment is calculated by dividing the identified number of proteins of a biological process by the expected number of proteins to be identified if every protein had the same probability to be identified. Note that this analysis is not quantitative, and the Arabidopsis proteome was used for the Viscum analysis.
(B) Quantification of mitochondrial proteins identified in complex mixture analysis and BN-PAGE. Label-free quantification data were obtained for both proteomic approaches and were combined to obtain an overview of the relative abundance of proteins involved in a given pathway in Viscum mitochondria (Data S2). Top: scheme summarizing the main mitochondrial functions. The arrows indicate the relative abundance of proteins from each pathway in Viscum compared to the same proteins in Arabidopsis. Green, increased (more than 110% of Arabidopsis); yellow, similar (between 90% and 110% of Arabidopsis); orange, slightly decreased (between 75% and 90% of Arabidopsis); red, decreased (less than 75% of Arabidopsis). Bottom: representation of the respiratory chain, with complexes shown as orange boxes, the alternative pathways as green circles, electron transfer as gray arrows, and proton transfer as black arrows. As no complex I subunits were identified, complex I is shown as a white box. The proteins identified are indicated below the complex they belong to. The relative amount of each complex was calculated by obtaining the mean value of the different identified subunits (Data S2). Proteins indicated in gray were not used for quantification as no common peptide between Arabidopsis and Viscum was identified. See also Table S1 .
reductive evolution [27] [28] [29] [30] , possibly indicating that it is specific to the genus Viscum or the order Santalales. Interestingly, the widely divergent parasitic species within the Santalales have all retained photosynthesis. Although it is currently not known how many species have lost complex I, it seems possible that diminished mitochondrial capacity precludes loss of photosynthesis, as this would remove an important source of ATP and reducing equivalents. To provide further insight into the evolution and function of plant mitochondria in relation to the adoption of parasitic lifestyles, systematic phylogenomic studies are urgently needed.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Viscum album plants were harvested from locations in the UK and Germany between March and July, from various host species (Acer campestre; Acer saccharum; Malus pumila; Salix alba, Sorbus aucuparia, Prunus cerasifera). Detailed information on the source material is given in Table S1 . Leaf buds were harvested for use in biochemical and proteomic assays. Leaf material was used for electron microscopy and flux analysis. Arabidopsis thaliana plants (ecotype Columbia-0) were grown under long day conditions (16 hr light 120 mE.m -2 .s -1 , 22 C, 8 hr dark at 20 C). Callus lines were generated from root tissue and grown on agar plates containing Gamborg B5 medium, 2% (w/v) glucose, 0.5 mgL -1 2,4-dichlorophenoxyacetic acid and 0.05 mgL -1 kinetin.
METHOD DETAILS Electron Microscopy
For ultrastructural analysis leaf samples were fixed in 2.5% glutaraldehyde in 50 mM sodium cacodylate (pH 7.4) containing 5 mM CaCl 2 for 1 hr under vacuum. Fixation was continued at 4 C overnight. Post-fixation with 1% OsO 4 and 0.8% K 3 Fe(CN) 6 in 50 mM cacodylate buffer (pH 7.4) was carried out for 2 hr at 4 C. After rinsing the leaf samples in cacodylate buffer, dehydration and embedding in Epon812 (Science Services) were carried out following standard protocols. Ultrathin sections (50-70 nm) were cut REAGENT Viscum album refer to Table S1 N/A
